HIRMAEO BB EE
F/T0/00—HHAE (20195)

I5895714792)—

T T o aT— MR, WERE. &R R EaBE R, e
B W BRI N—2 2, T A= LV TAETIHSEERVELORFEE L THREBLT
Tl VAT RAELRIZENVWTWDS, T/ YA RAE W) RO EIZ, FEEEEIN T
FEfEIER 7 & OREN TEAM, "M ME e &V 74 7 2 h e — A0 FREICE K 55
W, FHJRHETREHREICL 2WEME EHEO T, v Ia2b—vaXET VU7X
DR HAN 20 & 2 AE & U el R R R IR A S D, OHT & O Con BRGS0y T
i, ~T VT NR A Tx~T 47 A, Ff-Z2GfiEl, 74/ v v=7) 7o
T2V L BERE DRREL ¢ IR SIS T WD, F LT, THA v ENT-WE - BERE AL
BOEDLZETHIERT AL R - BBEMEZRREL, BE - 23V X— TA47 « ~LVRAT T
fEiEfE (ICT) - =V 7 b= R EOZRRSEO Lz <. BB REG O i
ELTH /T 7 7 aP— 3BT b5,

fcros

$)59)09— - HRSDBOHIEITEHIME (20194)

Society5.0. $FEaEtLtE D= (SDGs)
EEBAT Rt EEM  ATR-8WEJ0EX  UYCOL  EERS B2+

Z&-EREAHOME X KKK B BEOEBERGEIST HAV- M1 YI7SIIVERE-ERE=SUVYT
' Ae#ETZY—EZRRRYE R - REHEAIOT/IAIFYT - BFTNIA HIAIBIRD=HD LM TINAR

B -TRILE— " | CT-ILYRO=HZR

XBEn  EeME BEHEES Oy MRS
WETE SRR k- JnF MR IoT/ATZ/AR
BEFAR A TAR=IR BTN
AL =17 S TR SR BTN (N ZE>bO=ZVZR BEFL°1-7405"

TPAVAR  BEERE MEMS-t7577° 7" " 42
L DR NAARR SRFTATOER

S47:ALRTT
KAAHS  ATHS
3/0DS  BEERHN
PR S FEREM
KAABN- ARG
272
L A=

IR VRS
DFIZY
35405~
YAIOFIINATAIR
BF Ry h
A4 ATRE
SEAWIEL (MOF)

A9ITUT I
MROS 1)V 4R
FIh-IK>

T Uy Rt}
FIHF D525

IAIVIVSZFIYY
= HBRAE DB - EAR

B
SRR RT IR
SRR (1020 -
5 B-5274

| RFUPARAYTARFAIA  gmeyz

TTIREE - A TR A E R
Zopq. 7o)
=Hﬁzﬁlﬁ5§ﬁﬁﬂ SEURERZEI° 39MI4-h

EFEE-
. A-0°IN =33y
Sl BB PR
DI -JOER @ 72MYY° 574, $)47° UM FEIBERS. -9 -DI T $REH, 1RSI, 1005 19b. ECHBRE.
FEmAR, WE-1-71)"
EHRI- 34 : EFERMEE, EERD DT R, XAR - BETEEH, PIEFAREHR
| ER-E . S-REHE.DFEHFE DFIEE.DIINE T2 - & BRERE WFAS-IEb-v3y

EIPEE - 5" 01" VEREE
FI&E

ENHREOMRER

®0 /79 /8 —-#HHIHOHERAREREE(201945F)

2000 FEJEAIC RS ETFH 77/ a P —DEFECRNBE I TH D, 20 05808 L X
2ELTWD, ZOM, 7/ 77 e v— 3 HROESE, Ak, Z LT AT AME~EW
DI FALDI2HNTH D 2010 FRLFEITFFIC RSB E oAk &, BAvL - e g2 215
B LDy 27 2R EN D L 9IS TE -, HIiEROFSE, 7/ 72712k -T

CRDS-FY2018-FR-03

E IR REA R RATIREAE SRR 52—



RO FHBEE
F/T0/00—HHAE (20195)

FEHREINTZ OB ELH S, Foxr DT RERER L HTZH LTS,

—h. T aT— BRI OB & R IT o TARH S D BT E 8T
BT ORERE - BRI~ DORE, MEE oI, U A7 OFE - BE, £ LR E R
AEIZ 7R > T D, FrllZe T 2 MEHE, TEROMEL 138 D)/ iED 2 DFWEE > Z
EMBLHZ D, RMObLDOE L THURFMAZITO Z RO TS, L LR
O, EROILFWED XS ITHEKRIE T TIERET 22 ENTE RN, 14X, Bk, &
FRAEZR E LI Z D= 2R 2 BET 2L E R H 5, BHEWREIC IR R - B4 - 5
%S Y —2A%2ET 5720, EREFEPCEBEWHAOVHAD S & BREE - i - 74 (EHS :
Environment, Health and Safety) OFFHflmE G & fmERRY - &0 - th2r0flim (ELSI :
Ethical, Legal and Social Issues) 725 DY AR SIUTW D, RIS T /BB 2 i H
L 728 OB ET I DL, 4 [E « UL THL - H R i O R S B L T&E TV 5,
TR EOBER O U 27 R L, BEA SN ERT D203, e EEE
T35 COWEN KT, £ 2 CTlk, BEAOMHGE, FHiRBRGE, U A7 3HM0ER 0% 5
(DT D EFEE RN EE L 7> T D,

e

MR R H T 7 /Y —0OEFEA =7 7 ¢ 7 (National Nanotechnology
Initiative : NND) % Bfs L7 KETIE, ZAETIC2T0@ A2 RE L TV 5, 2018 L
Fe. THEITBCMERIIZSH D 1 DD, Nanotechnology Signature Initiatives (NSIs) %X U
ETHHHEMNGKD v T AR T U T (Program Component Areas : PCA) (2%t LT
HERE DI TREL D DR STV D, —TJ7, A—T7 OIEANCHE > TEMERE (L &2 6D T & 7= -8R
HIHEIRA DB L TE THE Y | WELITE S R WETz e HE R m R b O R 48Kk 5
Electronics Resurgence Initiative (ERI, =V 7 fhun=7 R A =77 4+ 7), &3
Yo — X DGO RE RSB OERIC N7 14 7 S, & FEINSEOH 272 vTaEM: 218K
9% National Quantum Initiative (NQLEH&ETA =377 14 7) REMPILL END 5%,
BRE LTHERNPIN TS EPRIND, BN Horizon2020 (28 TlE, 3 D OEJLHEK
(@ Excellent science, @ Industrial leadership. @ Societal challenges) 73&% & & 41T WY
5, OOHFTIE, 10 FRHTHREE 10 B2 —a 23 % & &5 Future & Emerging Technologies
(FET) & LT [lGraphene Flagship (2013 #£~) ] [Human Brain Project (2013 4F~)] [T
ot 2018 /)05 TQuantum Flagship] 2346 ST %, @ Tl Leadership in Enabling
and Industrial Technologies (LEITs) @ ' @ Key Enabling Technologies (KETs) & L T
T T ) a =R IR ML E ST b TS, kT L— AT — 2 Th % Horizon
Europe OFFFKIL° BREXIT O28 /2 & MMNDOASZOBEEIZHIERTXETHDL, 7VT
Mg CIx, FRICEEER - FTR & b PFEOBEN B> TW5, FETIE, /77 /rY—-
MBS EFDIE L A EDERS Z 1 /3—F 5 10 OEESTFOENIO TS = 7 A5 Lo B
EAEEA Bf L [PEELE 2025 BHEEINLTWD, TORER, A N THEE (AD.
BT 72 & O R Seim AT ettt B OB FERR R I B W T FRICK R OB a3 Bk L T\ D,
ZOZ EFbAEICE T AR EFHEIC S R E < HEEZ KT T AREL O T\ D, £,
B EE - AR BB L LT T HEICBN TS, S/ T v Y —OFEEE
MR asEs | HROMZEEHBAMSLESELRIIL LS E LTS,

OREIZBWTIE, ZNETWE - MEFEZ M ED TE-2 b H 0 kBB

CRDS-FY2018-FR-03 E IR REAR R RAIREAE SRR 52—



RO FHBEE
F/T0/00—HHAE (20195)

FETIHHIFIAT T 25w b2 < HEMOEBREELZ L L, T LWVEXL AL L TE
WD, S, UV TF U LA A UEM, KARA, FELED, N— 7T 4 A7 ORR~
R7p &, DREDBMEL « 73 ZOBEERFEIIIERLS b o T2 FFINSZEHEEL TV D,
ZOLORBEFRLHY . OREOHBEMPEZETIX, e 2 OIS TR /N S
THAMIZE N = 7 2R L CW OB EZZHAET 5, HEMEERERLZE CTRIZGEIC
IERERTIGEEE L, BPFNEZHRELTWD ES A, 5% LEEMITIHT 2 EEEIFZE) 5 B
¥ W EETHEAN TS ZEREENRD, —H T, ERITOBEIZTRARD & - T ik ik
T+ RLVURRNRH T =T 4 NV AR E— O T 4 AT VAMERY F U LA F L EMICE
LT, FORBICEIVREL V2T 2R TSHETWALZ EICHLHEMITARERD D,
—RIZ, WE - MELOR R OISR BN AR S, RS OSER., EEMEOMR, EEL
HMF OB 2R CTHICH 2 £ TIT@EE 156 ~30 L W o T RWEHEZET 58, ZFr—N
IVIRBRE B DAL L TV D RES | B DA B — RRER I N DG HNBE L 2o TWn D,
ZOHRTORENZANE TO X I ITEENRERN LRI D008 ) NERRE T S R VIRBLIC
2o TWD, TOEWKTIE, FHREBEHREN A BEE L CWE - MBI ORREHE 2RI D
LT DT VTN e A TH~vT 4 7 AREHBMEBIIZ B CITE 222 BRI
b ETREINS,

WEWE ToT/AI FHUN 2202 L5 L LTWnWaAH, A R—T7 4 Uh L AT A (CPS)
BT DA NR—=EMDY 7 v 2T &7 4 P HZER] (FRFEZERE) O N— R =7 Ol D
BENEEIZ/RDLN, PAN—ZEHOBEBBERBRERCTHLIEMEREa L Ea—F, KEERF
WA ML=V SDIE T4 VNV EREOBERERDIE VT Ry RU—F 7, F
ERAEPLETD T /L7 br=d AR L > TR SN TV D, ex OFOR) OB
ICHEDIAEND ToT T34 AL, Skt v o THRELEREAZ 7 77 RMNCEET S 720
DFy T —7HRE. FIONISEICE > TUTH S ZIES 5O DE 2 Z DR T
BT 2R NF—n—_Z MERZ BT 5, mAy NOABEZ SIXRIRFOFHRAEST -
TalrBNbETHD, £, Xy N7 OAMKBOTZDIZ, KREOT — & FEH O F i
HAMLBERREALH D, 20X EXIT 0T T4 ZAHHIC Al b EeEEDa L B a—
T4 Y THENBEH IND L0 d, AL IFERD a2 BV a— X TR KEOW B - 5
o B AR/VR, HARSEELHE, FE(b - #E5e7e E OB THERET S, b0
IR D Al ~OFERIIFEEVHT, ZNETOTHr - A~ BOa sy Ea—TFT v
TwHBXDHIZRT NI AN, TNEFETTHN— R =7 ~OMESHRMICEE > TR
V. ZOMRNT )T 7 ) aT— MR DR RIZRO G TS, ZRHETINH DR
B2 T E I EROMMEAIRR AT Z HOb 5N T, RNA N L—T Ff a4 5 Friis
ROMEMITIRL GBI SN TN D, AR EBLL TO SR R LF — TORFRUELO A %
WOiIAL I ETH=ma—mT LT 47 ara—T 470, BFHFOFHICHN Y EASE
FEEESE, BURO 2 o — & CIIEEMNICHE S F2E L WEMRMEICHEE 5 2 2 &1
AL a—T 4 VTR ENEDBEME SND, R 2 ZHFEORICALR DO KENQI Z 1L U,
Bfarta—7 0 ZICETAEFEK-OCRE e Y e 7 NPIREE TS B S, S
J T Y= MRRFERI N D ORGSO F KT 2R EE - T D,

—J. B 7T =2 EEA L RE R ORI, 70 ) aY— - MEOZER %

CRDS-FY2018-FR-03 E IR REAR R RAIREAE SRR 52—



RO FHBEE
F/T0/00—HHAE (20195)

FIERRIZ O RE 8% 5 2 40TV K[E O Materials Genome Initiative |Zf8FE i
L7 — B BRIV BIRE (T U TR« A 0T 3 ~T 4 7 R) 1T bITReETOMEB O M
M E LTEE L, mIETIET—4BEA Yo A% (FukvRr AT 3~T 47 R)
~OEE B IEE Y H>oh D, ITHEDOa L Ea—FOREDM Eix, M B, SHIZIIEEY
AT LEOBFFBAFEZITI VI a b—ra VEIRO ARt E K& RS, &R ET 5
F ) R — N OWEREE D D R ICIT N I B AT VDAV AT A ETE B LT
AT OYNT A — NI alb—va lrPMRAICERLTETND, SbIL, IhbT VX
IMEENTFRGHT — 2 2c, HOEED 2 ATEICERT 2 3D 7'V > 7 ¢ v 7 il o
HLELL, HERBRENOERN T ) 77 /7 av— - MR Z ST b D3 0 SRICEH &
H72H LEEH TV D,

KERF 2R E LT, 2 2BAET, ToT/AL FEG A KB 2 AT » 8K « 87l E o
MHEF DL L CWDH, TNoE2Xx 5T /77 7 av— - BB EICHT 2420
IR xmEY 2Ob 5, SO 2019 FRLTIX, AIfE 2017 D [ToT/AT Rifk % 5]
LF T aT— R WSS EREL L oo B AEHosA B A2 T v 77— b Ly
SDGs (2R SN DR ATREAEBICHT CTH /77 Jav— « MEHIIRN E > HIRT& 5
ONPOERLEDTREIR Lz, MEES 1= TIE. 25 LEWNAAOBERI RSN O 2K% & FF
KORLE, FRZZODBHIZBITHLHEAROREL 7T RF ¥ Lo PIZo0 T, CRDSIZKIT S
BEY — 7 g v 7R U 2 —R{EICH EOX I E LD WD, T/ T ey —-
MEFOBFZEBHZE MR 2 Bz IS B L, = 2005 32 O LBl stk 2 i L 7=, =D
I AT, BIHEAIZE o THEER 6 DOEN=—XDFFE, BIRENL D =— X Zfifik4
512 DITHIEEIC I Y fle_& 10D T RF ¥ L] 1T TRtk L7z, # 2 FETIE
32 O EHEHFFERRRMIRIC OV T, £ & 10 X—VRELAZE & YEROER, B R
OBTEDSEim BB m . A% O FEATIRREE, EERE (H KK OFERIZOWTER
FAIIEZ £ &L O TV D, RREFIL, MFhBRIZHE W THREY 170 4 2 2 5 PEFH O /1
FOWMINTE T, FH - BRZIUEL, V—7 Y a v 7S TOiiima Ei/- LT, CRDS ®
WENSRREFE DD TH D,

CRDS-FY2018-FR-03 E IR REAR R RAIREAE SRR 52—



Panoramic View of the Nanotechnology/Materials Field (2019)

Executive Summary

The nanotechnology/materials field is founded on nanoscience which has developed as a
science handling phenomenon occurring at the nanoscale, based on basic science fields such
as material science, quantum science, optical science, life science, information science, and
mathematical science. Common basis of science and technology including manufacturing
techniques such as precision machining and additive manufacturing, measurement
technology spanning to sub-angstrom resolution represented by a super-high-resolution
electron microscope, prediction of material structure and functions using the first principle
electronic state calculation, and analysis techniques by simulation and modeling is built
based on the nanoscience.

Design and control techniques for materials and their functions such as element strategy
and molecular technology, materials informatics, control of interface and gap in materials,
phonon engineering have been established using above-mentioned nanotechnology.
Nanotechnology is also characterized as a technology area of fusion which will open the
frontiers of diverse fields such as environment and energy, life and health care, information
communication (ICT) and electronics by developing new devices combined with the
designed materials with useful functions.

Twenty years have elapsed since the start of national policies for nanotechnology in
various countries around the world in the beginning of 2000. In this period, nanotechnology
is in the trend toward technological development, convergence, and systemization. As a
result of these progress, many products based on nanotechnology have been created and
commercialized. They are providing a large benefit to our society.

Meanwhile, impact on the health and the environment of new materials and new
products generated through the technological progress and practical application
of nanotechnology and materials, handling of their ethical aspects, evaluation and
management of their risks, and their standardization are becoming international issues.
Since new nanomaterials may have new physical properties originated from their
nanostructures different from conventional materials, it is required to perform appropriate
evaluation for them as unknown materials. However, as they cannot be classified by
composition alone as in conventional chemical substances, diversified features such as
size, shape, surface structure, and others have to be considered. Since scientific evaluation
of these features requires huge amount of time, money, equipment, and manpower, it is
undertaken by industry, academia and government in the world collaboratively under the
framework of national leadership and international cooperation. There are such efforts
from the scientific aspect of the environment, health, safety (EHS: Environment, Health
and Safety) and from the ethical, legal and social (ELSI: Ethical, Legal and Social Issues)
aspect. As the practical use of products made of nanomaterials has progressed especially in
recent years, the development of regulatory and institutional aspects has become obvious

in each country and region. In order to reduce the risk of nanomaterials and related
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products and to enjoy their benefit widely in the society, it is essential for nanomaterials
and related products to circulate in a healthy international market, where international
standardization over various aspects such as specific technological terms, evaluation and
test methods, risk assessment methods, etc. has become important.

The United States, which launched national technology initiative (National
Nanotechnology Initiative: NNI) before each country, has invested cumulatively $ 27
billion so far. Although the budget has been on a downward trend since 2018, the budget
has been strategically allocated to the Program Component Areas (PCA) consisting of five
items including Nanotechnology Signature Initiatives (NSIs).

Meanwhile, since the miniaturization limit has become obvious in semiconductor devices
that advanced according to Moore's Law, the Electronics Resurgence Initiative (ERI,
Electronics Recovery Initiative (ERI) started, which pursues the appearance of new high-
performance semiconductor chips that does not rely on miniaturization. The National
Quantum Initiative (NQI, National Quantum Initiative), which is driven by the recent
rapid development of quantum computers and pursuing new possibilities of the quantum
technology, has been launched and will be emphasized as a policy from now on.

In Horizon 2020 of EU, three priority areas are set up, which are (D Excellent Science,
@ Industrial Leadership, @ Societal Challenges. In the priority area of Excellent Science,
following the "Graphene Flagship (2013 ~)" and "Human Brain Project (2013 ~)" as Future
& Emerging Technologies (FET) with a total budget of 1 B € being planned to be invested
in 10 years, "Quantum Flagship "has been started as a third FET program from 2018.
In the priority area of Industrial Leadership, nanotechnology and advanced material
technology are positioned as Key Enabling Technologies (KETs) in Leadership in Enabling
and Industrial Technologies (LEITs). The planning results of Horizon Europe as a next
research and development framework in Europe and also the action of BREXIT will have a
large influence on the research and development of Europe in future.

In Asia, the progress of China is particularly prominent in high tech industries and
academic field. China launched the “Made in China 2025” , aiming to achieve domestic
and international market-share targets in ten industrial areas which cover most areas
of nanotechnology and materials, and attaining self-reliance for key components. As a
result, the competition of the research and development in the advanced technologies
of semiconductor, AI, quantum technologies, and advanced materials is becoming fierce,
particularly between China and the USA. It will affect the research and development
planning in Japan largely.

In other countries in Asia including Taiwan, Korea, Singapore are also building a
research and development bases of nanotechnology and are trying to attract human
resources and funds from all over the world.

In Japan, materials research has been intensively conducted for a long time and there
are many achievements preceding the world in the development of new materials, which

has supported and created the core industry of key materials and device components.
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We can raise many examples such as TiO, photocatalyst, lithium ion battery, NdFeB
permanent magnet, GaN blue LED, TMR head of hard disk, carbon nanotubes and so on,
whose inventions and pioneering works were done in Japan.

Under such a background, there are many industrial areas in Japan that obtain a high
market share worldwide even though with a small market size, mainly in the field of
functional materials. Nevertheless, in terms of the entire material industry as a whole,
Japan is keeping a large market-share worldwide, and it is strongly hoped to continue
its efforts on basic research, development, and commercialization of materials in order to
maintain its competitiveness. we should be also aware of the fact that the market share
has declined significantly due to the rapid progress of east Asian countries with regard to
lithium ion batteries and some liquid crystal display materials, such as photoresists for
liquid crystals and color films, although Japan had traditionally technical advantages in
these fields.

In recent years, since global competition for technology development is intensifying,
it is strongly required to accelerate the speed of research and development even in the
materials. A long period of time, typically 15 to 30 years is needed from the discovery
of novel materials to social implementation through many time-consuming processes
of completing prototypes, securing their reliability, and developing mass-production
technologies. In this sense, it is expected that materials development using data science
will continue to be an important basic technology for development of novel materials,
which will efficiently advance the design of materials by making full use of computational
science and information science.

As the IoT/AI era is about to arrive at its peak, and the integration of cyber space
software and physical space (real space) hardware in Cyber Physical System (CPS)
becomes important. It should not be forgotten that high-performance computer, large
capacity information storage, which are important components of cyberspace, sensing
and networking as interface points with physical space, are depending on nano-electronic
components composed of mainly semiconductor devices. IoT devices embedded in our
surrounding require sensing function and networking function for sending information to
the cloud side, as well as the energy harvesting function that acquires the electric power
from the environment depending on the scene being used. In the operation of robots and
autonomous car driving, instantaneous information processing and actions are required.
In such a case, the 10T device itself will be equipped with advanced computing functions
including AI, which exerts its strength in areas such as massive image / sound / video
processing, AR/VR, natural language processing, optimization / reasoning, which are
difficult with conventional computers.

The demand for Al in these areas continues to be increasing, and expectations for
new algorithms that exceed the von Neumann type computing and the hardware that
carries out it are increasing worldwide, and nanotechnology is expected to fulfil these

demands. While the miniaturization of semiconductors that have supported these
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developments has reached the limits, the need for a new technology to bear the post-Moor
era is widely recognized. One of the candidates for these novel computing technologies
is the neuromorphic computing which capture the information processing mechanism at
extremely low power consumption realized by human’s brain, and the other candidate
is the quantum computer. This gives a solution to the complicated processing practically
difficult to solve at the current computer by operating basic elements to work in accordance
with the principle of quantum mechanics. As the quantum computing related national
strategies and large-scale projects for quantum computing have been launched in advanced
countries during the past few years, including the above-mentioned US NQI, expectations
are increasing for contribution from nanotechnology/materials science and technology.

On the other hand, the progress of information science and technology utilizing big data
has begun to exert a great influence on the research and development method even in
the nanotechnology and materials. Data-driven materials design (Materials Informatics)
represented by Materials Genome Initiative in the United States already becomes a
fundamental technology for materials development in general, and recently challenge to
data driven process design (process informatics) also started. Recent progress of computer
performance has greatly expanded the possibilities of simulation technology for designing
and developing materials, devices, and even complex systems, and multi-scale simulation
is being developed starting from the simulation of the nanoscale structure dominated
by quantum mechanics. These techniques may enable to design macroscale complex
systems up to the final product. In addition, the progress of fabricating target structures
on demands using 3D printing technology based on these digitized design data is striking.
As is described above, the progress of information science and technology has brought a
great impact on the manufacturing as a whole including nanotechnology and material
technology.

In the last few years, mainly in the US, Europe, and China, technological competition
of Al, semiconductor, quantum technology, etc. that are expected to play a key role in
the IoT/AI era has become fierce, and a technological expectation for the nanotechnology
and materials is increasing to support them In this 2019 edition, we will update the
latest information and technology trends regarding nanotechnology and materials, while
following the position of the previous work of the 2017 edition and adding the viewpoint
of how nanotechnology and materials can contribute for the realization of a sustainable
society represented by SDGs,.

In the first chapter of the report, we summarize the overview of these trends and
prospects in domestic and foreign research and development, and describe especially
issues in Japan and grand challenges in this field derived through related workshops and
interview surveys organized by CRDS. We reexamined the panoramic view of research
and development of nanotechnology and materials and extracted 32 major research and
development areas from there. In addition, we described six social needs that we are facing

and the "10 Grand Challenges" to strategically address to solve those needs.
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In chapter 2, we will allocate about 10 pages for each of the 32 major research and
development areas, which summarizes surveys on the significance of the area, historical
background, current advanced technology trends, future science and technology issues,
and international comparisons (Japan, the US, Europe, China and Korea). In these review
processes, we gathered information and opinions with the cooperation of about 170 experts
from industry, academia and government, made intensive discussions at workshops and

summarized the views from the standpoint of CRDS.
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